Packaging DNA in nucleosomes and higher-order chromatin structures restricts its accessibility and constitutes a barrier for all DNA transactions including gene regulation and DNA repair. How and how fast proteins find access to DNA buried in chromatin of living cells is poorly understood. To address this question in a real time in vivo approach, we investigated DNA repair by photolyase in yeast. We show that overexpressed photolyase, a lightdependent DNA-repair enzyme, recognizes and repairs UVdamaged DNA within seconds. Rapid repair was observed in various nucleosomal regions of the genome including inactive and active genes and repressed promoters. About 50% of cyclobutane pyrimidine dimers were removed in 5 s, 480% in 90 s. Heterochromatin was repaired within minutes, centromeres were not repaired. Consistent with fast conformational transitions of nucleosomes observed in vitro, this rapid repair strongly suggests that spontaneous unwrapping of nucleosomes rather than histone dissociation or chromatin remodeling provides DNA access. The data impact our view on the repressive and dynamic nature of chromatin and illustrate how proteins like photolyase can access DNA in structurally and functionally diverse chromatin regions.
Introduction
How DNA can be accessed by proteins when it is packaged in chromatin of eukaryotic cells is a fundamental question concerning all DNA transactions from transcription to replication, recombination, and repair of DNA lesions (Kornberg and Lorch, 1999; Felsenfeld and Groudine, 2003; Downey and Durocher, 2006) . Nucleosomes are the repeated structural units of eukaryotic chromosomes made of about two turns of DNA wrapped around an octamer of core histone proteins, two each of H2A, H2B, H3, and H4 (Richmond and Davey, 2003) . They control the access of proteins to DNA, act as repressors by making recognition sites for proteins inaccessible, but they also present recognition sites on the surface. Occluded sites may become exposed and accessible to proteins by dynamic transitions involving transient dissociation of histones, unwrapping of DNA, or changing the position of histone octamers on the DNA sequence (nucleosome mobility). Those intrinsic properties may be modulated by chromatin remodeling activities that chemically modify the histones, exchange histone variants, and/or alter the structure and position of nucleosomes (Kornberg and Lorch, 1999; Felsenfeld and Groudine, 2003; Flaus and Owen-Hughes, 2004; Mellor, 2005) .
While a role of chromatin remodeling in transcription is well established (see references above), increasing evidence supports a role of chromatin remodeling in DNA repair. Double-strand break repair involves recruitment and phosphorylation of H2A.X, acetylation of histones in the vicinity of the lesion, as well as a local chromatin expansion immediately after DNA damage induction (Downs et al, 2000 (Downs et al, , 2004 van Attikum and Gasser, 2005; Kruhlak et al, 2006) . Chromatin remodeling plays also a role in nucleotide excision repair (NER) which is a multistep-multienzyme reaction that removes bulky lesions from double-stranded DNA including ultraviolet (UV) light-induced pyrimidine dimers (Gontijo et al, 2003; Gong et al, 2005; Yu et al, 2005) . Remodeling includes rearrangement and/or reassembly of nucleosomes after DNA-repair synthesis (Smerdon and Lieberman, 1978; Green and Almouzni, 2003) , acetylation of histones (Smerdon et al, 1982; Brand et al, 2001; Teng et al, 2002; Yu et al, 2005) , as well as monoubiquitination of histone H2A by a ubiquitin E3 ligase that is recruited to the damage by UV-damaged DNA-binding protein complex (UV-DDB) (Kapetanaki et al, 2006) . While histone modifications may destabilize chromatin and facilitate damage accessibility, the mechanisms of how DNA lesions are recognized in chromatin remain unclear.
Real time methods developed in the last few years provided a dynamic picture of nucleosomes and chromatin interactions of proteins involved in transcription and DNA repair (Hager et al, 2004; Mone et al, 2004; Mellor, 2005; Metivier et al, 2006) . On one side, fluorescent energy transfer (FRET) studies with reconstituted nucleosomes in vitro suggested that nucleosomes exist in a dynamic equilibrium between fully wrapped and a set of partially unwrapped states. These conformational transitions occur in the second and subsecond time scale and provide a short window of opportunity for proteins to access DNA that is normally protected in nucleosomes (Li and Widom, 2004; Li et al, 2005; Tomschik et al, 2005) . On the other hand, photobleaching studies in higher eukaryotic cells revealed that transcription and repair factors tagged with fluorescent proteins are highly mobile and exchange within seconds and minutes with target sites in the nucleus, whereas the core histones reside stably associated with chromatin (Hager et al, 2004; Mone et al, 2004; Kimura, 2005) . Only histone H1 exchanges in minutes (Bustin et al, 2005) . While these live-cell imaging techniques provide a time resolution in the seconds or even subseconds time scale, they are limited by a low resolution at the cytological level and cannot resolve how proteins interact with chromatin at the level of nucleosomes. In addition, they also sample unspecific and nonproductive transient interactions. Alternative kinetic data on protein-DNA interactions were obtained by chromatin immunoprecipitation (ChIP) (Hager et al, 2004; Mellor, 2005; Metivier et al, 2006) . This technique depends on the efficiency of chemical protein-DNA crosslinking. It therefore samples rather productive interactions, yet the resolution is limited by the DNA fragment size of a few hundred base pairs and the time resolution is limited by the crosslinking time, which is in the range of several minutes. Moreover, crosslinking of proteins to the target DNA might shift the equilibrium towards the bound state. Thus, it remains largely unknown whether and how rapid structural transitions occur in nucleosomes that are imbedded in the chromosomal context or how fast proteins can access nucleosomal DNA in living cells.
To directly address those questions, we have studied DNA repair of UV lesions by photolyase in yeast as an alternative light-regulated real-time approach. In contrast to live-cell imaging and ChIPs, this approach samples a productive interaction of a protein with the target DNA at a resolution that spans from whole chromatin domains to individual dipyrimidines (e.g. Suter et al, 1997 Suter et al, , 2000a Suter and Thoma, 2002) . UV light preferentially generates cyclobutane pyrimidine dimers (CPDs). CPDs are repaired by NER, and in many organisms including the yeast Saccharomyces cerevisiae by photolyase (Friedberg, 2003) . Photolyase binds the damaged DNA, flips the pyrimidine dimer into the active site, and reverts it to the native bases in a light-dependent reaction (photoreactivation, PR) (Sancar, 2003; Mees et al, 2004) . NER and PR are modulated by protein-DNA interactions in chromatin including nucleosomes, heterochromatin, and centromeres (Thoma, 1999 (Thoma, , 2005 . As dipyrimidines occur throughout the genome and as UV-damage formation and PR are light dependent, this system allows a direct and rapid assessment of DNA accessibility to photolyase in living cells. Here, we show that nucleosomal DNA can be repaired by photolyase in seconds (50% in 5 s, 480% in 90 s) under conditions where photolyase is not limiting, whereas heterochromatin is more slowly repaired and centromeres are not repaired. Those data directly demonstrate that dynamic transitions of nucleosomes allow proteins to access DNA in living cells within seconds and impact our view on the repressive role of nucleosomes in DNA recognition.
Results
In wild-type yeast, photolyase repairs 0.3 CPDs/kb UV lesions in nucleosomes in about 2 h and nucleosome-free DNA in about 15 min (Suter et al, , 2000a . Repair is slow in the center of nucleosomes and increases towards the ends, suggesting that transient unfolding, dissociation, or nucleosome mobility facilitate damage exposure (Suter and Thoma, 2002) . To test whether the structural and dynamic properties of nucleosomes or the abundance of photolyase are rate limiting, we have overexpressed yeast photolyase. RAD1, an essential gene for NER, and the endogenous photolyase gene (PHR1) were deleted to avoid competitive repair by NER and damage-induced changes of photolyase levels (Sebastian et al, 1990) , respectively. Moreover, the cells were transformed with a minichromosome (YRpTRURAP) as an internal standard that is independent of chromosomal position effects and allows comparison with previous studies (Thoma, 1986; Suter et al, 1997; Suter and Thoma, 2002) .
DNA-repair experiments with the overexpressing strain were carried out in glucose media and at room temperature. Aliquots of the cell suspension were irradiated with UV light for 11 s (150 J/m 2 ) and within seconds (o10 s) transferred to the PR chamber. Irradiation with photoreactivating light was under light saturation conditions. For CPD analysis, the DNA was isolated, digested with appropriate restriction enzymes and cut at CPDs with T4-endonuclease V. The cutting sites were visualized in different regions of the genome and minichromosome (Figures 1 and 2 ). The top bands represent the fraction of undamaged restriction fragments; the bands in the lower part represent DNA cut at CPDs. The damage generated with 150 J/m 2 was approximately 0.35 CPDs/kb per DNA strand and varied from 0.30 to 0.45 CPDs/kb between individual experiments (see Materials and methods). This damage corresponds to approximately 8400 CPDs/genome (12 Mbp) and about one CPD per eight nucleosomes (assuming a nucleosome repeat length of 165 bp (Thomas and Furber, 1976) ). Figure 1 shows the repair data in the minichromosome YRpTRURAP and in three representative chromosomal regions (PHO5, SUC2, and GAL1-10). All of them are packaged in nucleosomes and show nucleosome eviction or remodeling in the promoter region upon activation of transcription (Hirschhorn et al, 1992; Cavalli and Thoma, 1993; Lohr, 1997; Boeger et al, 2004; Korber et al, 2004; Reinke and Horz, 2004) . Repair was extremely fast in all DNA regions. This is obvious by the disappearance of bands and the Figure 1 Photolyase repairs UV lesions in yeast chromatin in seconds. (A) Relevant features of the chromosomal GAL1-10-, PHO5-, and SUC2-loci and the minichromosome YRpTRURAP. Indicated are restriction sites (R, EcoRI; V, EcoRV; L, SalI; N, NciI; S, StuI; X, XbaI); the length of the restriction fragments (bp); the probes used for hybridization (black bars); the open reading frames of the genes (boxes with arrows); the promoter regions as used in this study with promoter elements (squares and dots); positioned nucleosomes where known (ovals); nucleosomes subjected to remodeling during gene activation (white ovals). (B, C) PhosphorImager scans of Southern blots visualizing the CPD distribution in the top and bottom strands. ABY19 cells were irradiated for 11 s with 150 J/m 2 of UV light (lanes 1-16), exposed to photoreactivating light for 0-90 s (PR (s); lanes 3-16). The DNA was digested with restriction enzymes (indicated in A), cut at CPDs with T4-endonuclease V (odd lanes 1-17) or mock treated (even lanes 2-18), fractionated on alkaline agarose gels, blotted and hybridized to strand-specific probes (black bars in A). The top band represent the fraction of intact restriction fragments that contained no CPDs. Indicated are the relevant ORFs (arrows), promoter regions (P). M, a DNA size marker (multiples of 256 bp). (D) Repair curves showing the fraction of CPDs repaired as a function of time. The initial damage was set as 0% repair. Data are means and standard deviations from three independent UV experiments. Extensions t, b, and tb indicate that the top-, bottom-, or both strands were included in the calculation. Top and bottom strand were combined (tb), when the differences between individual curves were not significant. increasing intensity of the top band (odd lanes 1-15). To allow direct comparison between different regions, repair curves were calculated as the fraction of CPDs removed versus repair time. About 50% of the lesions were removed in only 5 s from all chromatin domains shown in Figure 1D , whereas more than 80% of the lesions were repaired in 90 s. Thus, most CPDs were accessible to photolyase in less than 90 s. Given a nucleosome repeat length of about 165 bp (Thomas and Furber, 1976 ) and a nucleosome core size of 147 bp (Richmond and Davey, 2003) , the major fraction of CPDs removed during rapid repair originates from nucleosome cores. Thus, photolyase gains access to nucleosomes within seconds.
Repair of nucleosomes in seconds
There was no dramatic difference between repair rates in various nucleosomal regions, namely the restriction fragments containing the PHO5, SUC2, GAL1-10 regions (5574, 4976, 4877%, respectively, in 5s; the numbers represent mean and standard deviation of three independent experiments, Figure 1B and D) and the coding region of the inactive GAL10 gene which is completely covered with nucleosomes and does not contain regulatory elements that might affect chromatin structures (5174% in 5 s). Apparently, rapid accessibility of DNA reflects a general property of nucleosomal chromatin in yeast. 
Rapid repair of nucleosomes in repressed promoters
Given the general concept of repressive nucleosomes and the fact that nucleosomes are involved in regulation of transcription, it is conceivable that promoter regions of repressed genes contain specialized nucleosomes with different composition and stability (Kornberg and Lorch, 1999; Mellor, 2005; Zhang et al, 2005) . Indeed, the repressed PHO5 and GAL1-10 promoters contain the variant histone H2A.Z (Htz1) (Santisteban et al, 2000) . It was proposed that Htz1-bearing nucleosomes at repressed/basal promoters facilitate activation through their susceptibility to loss, thereby helping to expose promoter DNA (Zhang et al, 2005) . We therefore measured repair in the inactive PHO5-, GAL1-10-, and SUC2-promoters. All three promoter regions were almost as efficiently repaired as the other nucleosomal regions (80% in 90 s; in 5 s about 39713% (GAL1-10), 5178% (PHO5), and 48711% (SUC2); Figure 1B and D). Thus, there is no indication that repressed promoters contain particularly stable or unstable nucleosomes that would resist or facilitate DNA accessibility to DNA-binding proteins like photolyase. In contrast to the repressed promoters, the promoter of the URA3 gene represents a well-known example of a nucleosome-free open promoter (Thoma, 1986; Suter et al, 1997 Suter et al, , 2000a . Indeed, this promoter was repaired much more rapidly (7274% in 5s; Figure 1C and D) providing direct evidence for the different chromatin structures of the repressed and open promoters.
Differential repair in specialized chromatin regions
Deviations from those standard nucleosomal repair rates, however, were observed in functionally constrained regions such as transcribed genes, centromeres, and heterochromatin.
Transcription elongation affects chromatin structure and DNA repair. URA3 is a rarely transcribed gene containing six positioned nucleosomes flanked by two non-nucleosomal regions at the 5 0 -end (open promoter) and 3 0 -end, respectively (Thoma, 1986; Bedoyan et al, 1992) . During transcription elongation RNA-polymerase II is transiently stalled at CPDs on the transcribed strand and inhibits repair of CPDs by photolyase which results in slow repair of the transcribed strand Suter et al, 1997) . Such a slow repair of the transcribed strand of URA3 was obvious even in seconds range (bottom strand, URA3b-TS; Figure 1C and D), indicating that some RNA-polymerases are stalled at the CPDs but released again within seconds. Previous experiments have shown that photoreactivation and NER of the nontranscribed strand are modulated by the nucleosomes (Wellinger and Thoma, 1997; Suter and Thoma, 2002) . Here we show that repair of the nontranscribed strand of URA3 by overexpressed photolyase was similar to repair of the other nucleosomal regions (top strand, URA3t-NTS; 4477%) indicating that transcription did not destabilize nucleosomes in the few seconds of the experiment.
No repair was detected in the centromere of chromosome XIV, whereas the centromere flanking regions were efficiently repaired (Figure 2 ). This supports our previous results that showed a strong inhibition of photoreactivation and nucleotide excision repair by kinetochore proteins (Capiaghi et al, 2004) .
Heterochromatin refers to a fraction of eukaryotic genomes where transcription is silenced by a repressive chromatin structure that involves silencing proteins bound to nucleosomes, initiates at silencers and spreads over relatively large distances (Richards and Elgin, 2002) . Silencing in yeast occurs in subtelomeric regions, in the rDNA locus, and in the silent mating-type loci HMLa and HMRa, whereas the active mating-type locus MATa (or MATa) is not silenced (Rusche et al, 2003) . Reduced repair rates (in the time scale of hours) were previously observed in subtelomeric regions (NER and PR) (Livingstone-Zatchej et al, 2003) and in HMLa (NER) (Terleth et al, 1989) . Figure 2 shows that with overexpressed photolyase, both heterochromatic HMLa and HMRa loci were more slowly repaired than the active MATa locus and the other chromosomal regions reaching about 40 and 80%, respectively, in 90 s (Figure 2B and D) . A more extensive kinetic revealed that 80% repair of the silent loci required about 7-15 min ( Figure 2E ). Thus, despite silencing, chromatin remains dynamic and the DNA is accessible to photolyase.
Overexpression of photolyase and UV lesions do not disrupt chromatin
Having observed this rapid repair, one might wonder whether and to what extent repair is influenced by the overexpressed photolyase itself or by potential damage-induced disruption of nucleosomes. Photolyases strongly discriminate between pyrimidine dimers and nondamaged DNA. Comparison of the binding constants of the CPD photolyases to dimers versus nondamaged DNA indicates that the discrimination ratio is about 10 5 (Sancar, 2006) . To test whether binding of overexpressed photolyase to undamaged DNA disturbs chromatin structures and thereby facilitates accessibility of CPD sites, we analyzed nucleosome positioning and stability by micrococcal nuclease digestion. The results did not show any obvious difference between the overexpression strain (ABY19) and a control strain (ABY07), neither on the minichromosome nor in the PH05 region (Figure 3) . Therefore, rapid repair is not caused by chromatin disruption induced by interactions of photolyase with undamaged DNA. However, as photolyase bends DNA at the CPD site by about 50 degrees (Mees et al, 2004) , it is conceivable that those specific interactions disturb the structure of nucleosomes. We cannot assess this topic in yeast by nuclease footprinting, as the fraction of nucleosomes containing a CPD at one particular site is very low (one out of eight nucleosomes contains one CPD located somewhere within 147 bp).
With respect to damage-induced nucleosome disruption, it was previously shown that nucleosomes resist UV irradiation and that UV-damaged nucleosomes can be purified from genomic chromatin (Gale et al, 1987; Schieferstein and Thoma, 1998; Gaillard et al, 2003) . It seems that the inherent flexibility and distortions in nucleosomal DNA support the accommodation of DNA lesions (Richmond and Davey, 2003; Thoma, 2005) . One might, however, argue that UV lesions disrupt or destabilize nucleosomes in living cells thereby facilitating damage recognition and repair. Assuming that CPDs are transiently exposed in a dynamic equilibrium, it is also conceivable that specific binding of photolyase to exposed CPDs shifts the equilibrium. To test those hypotheses, ABY19 cells were UV irradiated and incubated in the dark for 0-20 min before PR (11 s). An increase of repair is expected, if UV lesions disrupt chromatin and/or if photolyase binds to the exposed CPDs in the dark. As shown for a standard nucleosomal region (coding region of GAL10), repair increased slightly by about 10% as a consequence of dark incubation (Figure 4) . Thus, UV lesions and binding of photolyase in the dark exert only a mild effect on site exposure of DNA lesions in living cells.
Overexpressed photolyase is not rate limiting A central question is whether the amount of photolyase and the exposure of CPDs in chromatin are rate-limiting factors in chromatin repair under our conditions. As yeast photolyase was not only found in the nucleus but also in the cytoplasm and mitochondria (Yasui et al, 1992) and as its activity depends on two chromophore cofactors, which may be present only in a fraction of the overexpressed enzymes, an accurate quantification of active and inactive enzymes in the nucleus is not possible. We therefore have addressed this problem by exploring the repair capacity of the overexpressed photolyase pool (Figure 5 ). Cells were irradiated with an increasing UV dose from 75 to 1000 J/m 2 and PR was carried out for a constant time of 45 s. DNA damage and repair was measured in the minichromosome YRpTRURAP and in the nucleosomal GAL10 region (GAL10-LR as in Figure 1 ). The initial damage ranged between 0.2 and 0.8 CPDs/kb ( Figure 5A ). The number of CPDs repaired in 45 s increased with the increased initial damage demonstrating that photolyase was not limiting ( Figure 5B) . Moreover, the fraction of CPDs repaired in 45 s was fairly constant ( Figure 5C ), indicating that a similar fraction of CPDs was exposed within 45 s repair time irrespective of the initial damage. Thus, it is the exposure of CPDs that limits repair and not the amount of active photolyase. We also noticed a slight decrease of the repaired fraction in the samples with high amounts of DNA lesions ( Figure 5C ). We think that this decrease is due to a potential inactivation of photolyase by the high UV dose applied to those cells, rather than by structural changes of chromatin. Finally, those data show that fluctuations of CPDs/kb in our standard conditions with relative low levels of DNA lesions do not significantly affect CPD repair.
Discussion
All chromosomal regions with the exception of some engaged in specific functions were repaired on a time scale of seconds. Figure 3 Overexpression of photolyase does not disrupt nucleosome positions and stability. Chromatin structure of strains with (ABY19) and without photolyase overexpression (ABY07) in YRpTRURAP (A) and in the PHO5 locus (B). DNA (D) and chromatin (C) were digested with different amounts of micrococcal nuclease. The DNA was purified, cut with XbaI (YRpTRURAP) or StuI and NciI (PHO5) before loading on an agarose gel. After blotting, the membranes were hybridized with probe 1 generated by random priming (YRpTRURAP) and probe 1, bottom strand probe generated by primer extension (PHO5), indicated in Figure 1A . No differences were observed using the top stand probe (not shown). M, size marker (multiples of 256 bp). Indicated are the nuclease-sensitive regions (URA3-3 0 , URA3-5 0 , ARS), the open reading frames of the genes (arrows), and the positioned nucleosomes (ellipses). White ellipses represent nucleosomes in PHO5 that are evicted during transcription activation (Reinke and Horz, 2004) . As photolyase is inhibited by nucleosomes in vitro (Schieferstein and Thoma, 1998; Gaillard et al, 2003) , repair in vivo reflects dynamic properties of chromatin that make DNA accessible to proteins. This is to our knowledge the first direct evidence demonstrating that proteins can access DNA buried in nucleosomes of living cells within seconds, and therefore impacts both our understanding of nucleosome dynamics and our view of how similar proteins involved in other DNA transactions can access DNA.
With removal of half of the lesions in 5 s and 480% in 90 s, we observed an extremely fast damage recognition and repair in living cells. In other words, approximately 4200 CPDs and 46700 CPDs were removed from the genome in the first 5 and 90 s, respectively. We do not know whether this is the fastest possible access to chromatin at room temperature. However, we examined the repair capacity of overexpressed photolyase and found that photolyase was in excess and CPD exposure in chromatin was rate limiting in our standard conditions ( Figure 5 ). Moreover, we showed that overexpression of photolyase per se does not disturb or disrupt undamaged chromatin by unspecific interactions with DNA ( Figure 3 ). In addition, the dark incubation experiment revealed that nucleosomes are not significantly disrupted by UV lesions and that photolyase does not remarkably affect the equilibrium of damage exposure by specific binding to CPDs in the dark (Figure 4) . Finally, reduced repair rates in nucleosomal regions compared with open promoters (URA3P, Figure 1 ) are direct evidence for the presence of nucleosomes during the repair time.
Given a nucleosome repeat length of 165 bp and a core size of 147 bp, the major fraction of CPDs removed during rapid repair of nucleosomal regions originates from nucleosome cores. We therefore can evaluate how structural and dynamic properties of nucleosomes allow damage recognition and repair. One question to be discussed is whether the location of CPDs on the nucleosome surface affects repair. As nucleosomes consist of two turns of DNA wrapped around the histone octamer, damage accessibility and repair might depend on the rotational setting. CPDs located on the helical turns that face the histone octamer or the adjacent superhelical turn of DNA may be shielded from recognition by photolyase, whereas CPDs located on helical turns that face the solvent might be directly accessible (Thoma, 2005) . However, when the damage distribution was analyzed in nucleosome cores isolated from UV-irradiated chromatin, CPDs were found preferentially but not exclusively at sites where the phosphate backbone of the DNA was farthest from the core histone surface (Gale et al, 1987) . Moreover, irradiation of nucleosomes with defined DNA sequences revealed that CPDs are generated irrespective of their position in the nucleosome, including sites that face the histone octamer Thoma, 1996, 1998; Gaillard et al, 2003) . Thus, a preferential orientation of CPDs per se cannot account for rapid and complete repair.
Can photolyase recognize and repair UV lesions on the nucleosome surface? CPD repair in nucleosomes has been tested in vitro using Escherichia coli photolyase. The data showed a severe inhibition as well as inefficient and incomplete repair at some sites, but no correlation with the rotational setting (Schieferstein and Thoma, 1998 ). In contrast to the in vitro experiments, high-resolution analysis of PR in yeast nucleosomes revealed slow repair in the center, increased repair rates towards the ends, and differential repair at individual sites that are only a few base pairs apart, indicating that the ends of nucleosomes become more readily repaired than the center and that some repair may occur on the nucleosome surface. As all lesions were repaired in about 2 h, we assumed that the nucleosomal DNA becomes accessible by dynamic structural changes (Suter and Thoma, 2002) . Does rapid repair measure intrinsic properties of chromatin or does it require chromatin remodeling? ATP-dependent remodeling activities (SWI/SNF and ISW2) can act on UV-damaged nucleosomes in vitro and facilitate PR (Gaillard et al, 2003) . In principle, nucleosome remodeling complexes can be recruited to specific sites via interactions with DNA-binding proteins (e.g. transcription factors). For PR, such a recruitment process is highly unlikely, as photolyase is a monomeric enzyme that recognizes and repairs the damage. Moreover, there are no indications by genome-wide interaction studies that photolyase contacts nuclear proteins or remodeling complexes (Ho et al, 2002) . Alternatively, remodeling complexes may interact nonspecifically and globally with the genome and enhance dynamics of chromatin at random. We cannot formally exclude this possibility. Global remodeling, however, would imply that the abundance of a few hundred to a few thousand copies of remodeling complexes (SWI/SNF about 200; ISW2 and RSC, about 2000 copies/cell (Ghaemmaghami et al, 2003) ) have to act on about 72 000 nucleosomes within a few seconds. In conclusion, rapid repair within seconds most likely reflects intrinsic and spontaneous dynamic properties of nucleosomes in the budding yeast and elucidates a new time scale with respect to DNA exposure in chromatin of living cells. Several mechanisms that expose nucleosomal DNA to proteins are currently discussed and tested (Flaus and Owen-Hughes, 2004; Mellor, 2005; Thoma, 2005) . DNA sites in nucleosomes may become accessible to proteins by transient dissociation of histones or unwrapping of DNA from the histone octamer. In both cases, the ends of nucleosomal DNA become preferentially exposed. Based on the in vivo photobleaching experiments with histones (Kimura, 2005) , the dissociation of core histones is far too slow to account for rapid repair. However, in vitro FRET experiments with fluorescently labeled DNA and histones revealed that conformational transitions consistent with unwrapping occur on the subsecond to second time scale (Li et al, 2005; Tomschik et al, 2005) . Thus, DNA accessibility to photolyase within seconds is most consistent with such an unwrapping mechanism. In addition, complete repair implies that also the central region of nucleosomal DNA becomes accessible and suggests that nucleosome mobility is somehow involved. A favored model suggests that nucleosomes move as a result of unwrapping and rebinding of nucleosomal DNA at different positions (references in Flaus and Owen-Hughes, 2004; Mellor, 2005) . This generates a DNA bulge, which can eventually diffuse around the histone octamer by subsequent steps of unwrapping and rewrapping. Therefore, mobility as a multistep process must be slow compared with individual unwrapping transitions, but it might be that some repair takes place when lesions are exposed in the bulge, whereas another fraction of lesions is repaired after the histone octamer has moved.
We have observed similar repair rates in several chromosomal loci and in a minichromosome as well as reduced repair rates in a centromere, in silenced chromatin and in transcribed DNA, confirming that photolyase is a sensitive tool to study chromatin structure and dynamics in living cells. Interestingly, however, nucleosomes in repressed promoters showed no obvious indication of an altered stability that would prevent or facilitate DNA accessibility, although different histone composition and modification states of histones may suggest so (Santisteban et al, 2000; Mellor, 2005; Zhang et al, 2005) . To provide a more detailed picture on differential accessibility and chromatin dynamics in the yeast genome, it will be important to extend our studies on other regions that differ with respect to composition and function.
How fast proteins can bind to DNA in chromatin depends on several parameters, including their size and conformation, their affinity for DNA, and whether or not they are complexed with other proteins before binding to DNA. Yeast photolyase is a monomeric protein with a molecular weight of 66 291 and contacts a 6-8-bp region around the dimer and strongly discriminates between binding of undamaged and damaged DNA (Baer and Sancar, 1989; Sancar, 2006) . From this perspective, photolyase results can help to evaluate how similar proteins involved in other DNA-dependent processes could access target sites in chromatin. Extrapolating from our observations, it is conceivable that live-cell imaging experiments with various transcription factors, hormone receptors, and DNA-repair enzymes indeed report productive interactions with nucleosomal target sites (Hager et al, 2004; Mone et al, 2004) .
In contrast to overexpressed photolyase, natural amounts of photolyase (about 272-688 molecules/cell (Yasui and Laskowski, 1975; Ghaemmaghami et al, 2003) ) and other less-abundant proteins or protein complexes might profit from remodeling events in the genome. A few repair studies on histone acetylation point in that direction. Treatment of human cells with butyrate, a histone deacetylase inhibitor, resulted in hyperacetylation of histones and a stimulation of NER (Smerdon et al, 1982) . In yeast, an increase of histone H3 acetylation several minutes after UV irradiation correlated with an enhanced accessibility of nucleosomal DNA for a restriction enzyme in the repressed MFA2 promoter (Yu et al, 2005) . Deletion of the Gcn5 histone acetyl transferase resulted in a marked reduction of photoreactivation and NER in the MFA2 gene, but less so in RPB2, whereas no detectable defect was seen for repair of the genome overall (Teng et al, 2002) . Gcn5 was also required for efficient NER in the repressed MFA2 promoter (Yu et al, 2005) . Thus, chromatin modifications appear to play a role at some loci under conditions where repair proteins are limiting, but it remains unclear how remodeling activities are targeted to the damage site or to particular regions of the genome. Interestingly, we noticed a slightly enhanced photoreactivation when cells were incubated in the dark after UV-damage formation (Figure 4 ). It is conceivable that this experiment detects enhanced accessibility of chromatin owing to damageinduced chromatin modifications.
In conclusion, the rapid repair of UV lesions by photolyase sheds light on the intrinsic properties of nucleosomes that regulate DNA accessibility and impacts our view on the dynamic nature of structurally and functionally diverse chromatin regions in living cells.
Materials and methods

Yeast strains
The strains were constructed in a W303.1a background. ABY19 (MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100 phr1DHkanMX rad1DHhisG YRpTRURAP YEp423GPDYPHR), ABY07 (MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100 phr1DHkanMX rad1DHhisG YRpTRURAP). PHR1 and RAD1 were deleted using standard procedures. YRpTRURAP was described (Thoma, 1986) . The overexpression plasmid YEp423GPDYPHR was generated by PCR amplification of the yeast PHR1 ORF and insertion in an overexpression vector containing the GPD promoter (p423GPD, ATCC No. 87355).
UV irradiation and repair
Irradiation and repair was carried out as described with modifications. Cells were grown in 6 l of SD (synthetic minimal medium, 0.67% yeast nitrogen base without amino acids, 2% dextrose) supplemented with 20 mg/l adenine, 20 mg/l tryptophane, 30 mg/l leucine (and for ABY07 20 mg/l histidine) to a density of about 1.5 Â10 7 cells/ml, harvested, and resuspended in SD to a density of about 3 Â10 7 cells/ml. For each data point, 250 ml aliquots were (i) irradiated with 150 J/m 2 UV light using germicidal lamps (Sylvania G15 T8 bulbs) for 11 s, (ii) adenine and the appropriate amino acids were added and (iii) the samples were transferred to the PR chamber and (iv) photoreactivated using Sylvania F15 T8/BLB bulbs (emission peak, 366 nm) at 1.5 mW/ cm 2 for different times. (v) The cells were chilled on ice. (vi) DNA was purified using QIAGEN Genomic Tips 500/G. All steps from UV irradiation (i) to DNA extraction (vi) were carried out at room temperature and in yellow light (Sylvania GE Gold fluorescent light). Dark incubation, which refers to the time between the end of damage formation and the beginning of PR (iv), was o10 s.
Analysis of CPDs by indirect end labeling
CPDs were mapped by indirect end labeling and quantified as described Capiaghi et al, 2004) . This method allows correlating CPD distribution with positioned nucleosomes, linker DNA, and nuclease-sensitive regions (compare Figures 1-3) .
Individual bands are resolved within 10-50 bp at the lower and upper part of the gel, respectively (Thoma et al, 1984) . DNA was cut with the appropriate restriction enzymes (see figure legends) and aliquots were cut at CPDs with T4 endonuclease V (T4-EndoV; Epicentre) or mock treated. The DNA was electrophoresed in 1.5% alkaline agarose gels, blotted to Zeta-Probe GT Genomic membranes, and hybridized with radioactively labeled strand-specific DNA probes (figure legends). Primers to generate DNA templates and probes that hybridize to the top-and bottom strand, respectively, were: YRpTRURAP probe 1 (1036-5 0 GCA AGC CGC AAA CTT TCA CCA ATG GAC CAG; 1037-5 0 GAG GGC CAA GAG GGA GGG CAT TGG TGA C); GAL1-10 probe 1 ( 
Quantification
The membranes were analyzed and quantified with a PhosphorImager (Molecular Dynamics). The positions of DNA lesions were determined using a molecular size marker (256-bp intervals; Thoma et al, 1984) . The CPD content was calculated using the Poisson expression, -ln (RFa/RFb), where RFa and RFb represent the signal intensities of the intact restriction fragment of the T4-EndoVand mock-treated DNA, respectively. Region-specific damage was calculated as the signal of that region in the T4-EndoV-treated DNA and divided by the signal of the whole lane. The corresponding signal of the mock-treated DNA was subtracted as background. Strand-specific probes were generated by primer extension using genomic DNA fragments as templates. The initial damage varied in individual UV experiments between 0.3070.04 (mean and standard deviation of six restriction fragments: top and bottom strand of GAL10-RL, YRpTRURAP, GAL1-10-VV), 0.3270.06 (mean and standard deviation of 10 restriction fragments: top and bottom strand of GAL10-RL, YRpTRURAP, GAL1-10-VV, PHO5-NS, SUC2-RR), 0.3370.06 (mean and standard deviation of 10 restriction fragments: top and bottom strand of GAL10-RL, YRpTRURAP, GAL1-10-VV, PHO5-NS, SUC2-RR) and 0.4570.06 CPDs/kb (mean and standard deviation of 14 restriction fragments: top and bottom strand of GAL1-10-VV, PHO5-NS, SUC2-RR, CEN14-HH, MATa-HH, HML-HH, HMR-HH). The overall average of the initial damage generated with 150 J/m 2 was approximately 0.35 CPDs/kb (mean of the four experiments listed above). To allow direct comparison between different regions, repair curves were calculated as the fraction of CPDs removed versus repair time. The initial damage was set as 0% repair.
Chromatin analysis
Chromatin isolation and digestion with micrococcal nuclease digestion was carried out as described (Capiaghi et al, 2004) . The cutting sites were analyzed by indirect end labeling as described for mapping CPDs, except that a neutral agarose gel was used for Figure 3A .
